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PROCEFSS TECHNIQUES SPUDY OF ImGRATED CIRCUITS 
Quarterly Report No. 4 
INTRODUCPION 
The present report follows, with minor exceptions, t he  format of the  
previous quarter ly  report. 
discusses electron paramagnetic resonance spectrometry of oxidized 
silicon. This investigation, a s  or ig ina l ly  proposed, should lead t o  an 
estimation of unfilled atomic o r b i t a l s  ( s i l i con  vacancies) in the 
vicinity of t h e  Si/Si02 interface. Pos i t ive  iden t i f i c s t ion  of such 
states should provide pres\aptivs evidence f o r  oxygen vacancies whose 
par t ic ipa t ion  i n  inversion phencnnena has been inferred i n  t h e  past. 
Ident i f ica t ion  of such s t a t e s  does not prove the i r  mobility under inver- 
sion conditions but cons t i tu tes  a necessary f i rs t  step i n  developing the  
ana ly t ica l  tools required for such proof. 
w i l l  contribute t o  a more detai led understanding of t he  molecular s t ruc ture  
of the sflicon ditxd.de lager, pa r t i cu la r ly  a t  the region of the subs t ra te  
interface.  
A new section i n  t h i s  report (Item 2-C) 
I n  any event, t h e  investigation 
The section on gas ambient e f fec ts  (1- 1-B) has been expanded t o  
include work on t he  high tsmpsratulrb e f f e c t s  of hydrogen i n  addition t o  
those produced by polar  gases a t  l aw  temperature. 
Invest ieat ion of the effects of c o j  
any observable effect due t o  nmchanical carry-over. It -.,-v is concluded x- = %  7 - -  1 - t h a t  - 
---Z-z-*II-- - 
. the ."xssk~ I %!?Put %_?sEgs2heminimum 
c-defectq. f r o m  t h i s  8 e 
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AC COMPLT SHMENT S 
Item 1 
A. Tool Damage Effec ts  
C r y s t a l  damage ar i s ing  from various tool ing processes, such a s  
scr ibing and breaking, normally is prevented from penetrating device 
s t ~ c t u r s s  by providing mff'icient dead area between devices t o  
accommodate .such effects. 
been focused on possible longer range e f f ec t s  not  excluded by t h i s  
measure. 
variety. 
method of Van Sueren i n t o  zero, one, two, and three dimensional 
faults as  sumarized below: 
L i t t l e  analyt ical  attention, however, has 
Tvpe of possible c rys ta l  damage exist i n  considerable 
Crystal  imperfections may be c lass i f ied  according t o  the  
1 
Zero Dimensional o r  Point Defects 
a. Vacancies 
b. I n t e r s t i t i a l s  
C. Substi tutional impur i t i e s  
One Dimensional o r  Line Imperfections 
Dislocations 
Two Mmmsional or Surface Imperfections 
a. 1st order twin - nearest neighbor re la t ions  s a t i s f i e d  
2nd nearest  neighbor re la t ions  not 
s a t i s f i e d  
bm Stacking f a u l t  - complimentary p a i r  of twins returning 
t o  o r ig ina l  or ientat ion one or two 
layers wide 
C. Microtwins - essent ia l ly  stacking f a u l t s  which a r e  
hundreds of layers i n  width 
Subgrain boundaries - periodic dislocations - s l i g h t  dm 
misorientation of blocks - blocks 
can have any s i z e  
e. The heteroepitaxial  in te r face  between phases or materials 
is a special  case of t he  subgrain boundarg. 
2 
f. Higher order twinning - twinned areas bear a def in i te  
re la t ionship to the  matrix, 
but boundaries a m  noncoherent. 
g, Grain boundaries - boundaries noncohemnt - a general 
preferred or ientat ion may exist, If 
grain s i ze  i s  small and orientat ion 
perfectly random, t h e  c rys t a l  is 
polycrystalline. 
h, Amorphous material - random orientat ion - grain size 
500 13 
4. Three Mmensional o r  Volume Imperfections 
a. Voids 
b, Inclusions 
Host methods of detecting and characterizing c rys t a l  defects 
u t i l i -  the  f a c t  t ha t  a perfect c rys t a l  ac t s  as a th ree  dimensional 
d i f f r ac t ion  grat ing . The interact ion of electromagnetic radiat ion 
with t h e  grat ing produces measurable d i f f rac t ion  e f f ec t s  which a m  
directly related t o  the crystal  perfection. 
made with precision goniometers, photographic film, and s c i n t i l l a t i o n  
detectors  or geiger counters with char t  recorders. 
2 
The measurements a re  
1, X-Rag Diffraction 
a, Rocking curve measurements using a double c rys ta l  x-ray 
spectrmeter - useful for neasurlbg dh loca t ion  dens i t ies  
of 10 t o  10 l ines  per  cm . 
hue back reflection - grain or ientat ion differences of 
X minutes of arc with grain s i z e  of >lo0 microns. 
strain i n  the  c rys ta l  i s  manifested i n  asterism o r  
spreading of t he  d i f f rac ted  spots. 
(1) 
7 9 2 
bo 
C. Diffraction contrast topography: 
The Shultz technique brings out  grain boundaries 
of >15 seconds of arc. 
(2) Lang and Berg-Bemtt techniques show sabgrain 
boundaries and dis locat ions from 10 t o  10 7 l i n e s  
2 
be datected. 
.per an. Strain, twins, voids, inclusions can a l l  
3 
Three c i r c l e  goniometer measurements using x-ray Bragg 
diffract ion.  
determination of or ientat ion relat ionships  between s ingle  
c r y s t a l  film and t h e i r  substrates. 
micmtwinning, the twinning planes, and t h e  extent 
(percent of t o t a l  volnme) of the  twinning i n  amounts 
grea ter  than a t o  one percent can be detected. 
Debye-Sherrer powder pa t te rns  for determination of 
composition, phase of polycrystal l ine aggregates. 
Divergent beam x-ray photography - used f o r  precise  
determination of l a t t i c e  parameters. 
contraction o r  dilation due t o  impur i t i e s  can be 
detected i n  t h i s  manner. 
This technique is par t i cu la r ly  valuable i n  
The existence of 
Strain and l a t t i c e  
2. XLectron Diffract ion 
a. Transmission - u s e h l  for determining a l l  one, two, and 
th ree  dimensional c rys t a l  defects  h e n  t h e  c rys t a l  f i lm 
can be separ8ted from t h e  substrate  and made su f f i c i en t ly  
t h i n  (C2000 1). 
b. Reflection diffract ion - angle of incidence,. t o  one 
degree; beam penetration, 50-100 8. 
of t h i n  c r y s t a l  f i l m 8  or  c rys t a l  films which a m  
deposited on a substrate of s imilar  c r y s t a l  s t ruc ture  and 
l a t t i c e  constant, i.e., Ge on GaAs. 
Lou energy electron d i f f rac t ion  - primarily for 
determination of c r y s t a l l i n i t y  and s t ruc ture  of surface 
layers from one t o  th ree  monolayers i n  thickness. 
Used f o r  examination 
C. 
3. Chemical or Thennal Etohing 
The proper selection of chemical reagent, temperature, 
and time w i l l  develop etch figures a t  s i tes  of one, two, and 
t h r e e  dimensional defects. The etch f igures  a re  then viewed 
e i t h e r  op t ica l ly  o r  i n  t h e  electron microscope by rep l ica  
microscopy. 
4. Decoration 
Certain inpur i t i e s  i n  proper concentrationa can be 
c a u s e d t a  diffuse t o  defect areas i n  c rgs t a l s  fonaing an 
4 
5. 
atmosphere much la rger  than t h e  defect itself. 
phere can then be detected using l i g h t  o r  in f ra red  trans- 
mission through t he  crystal ,  
Miscellaneous 
This atmos- 
There exist, depending on t h e  crystal, many other 
perfection sbnsitiw parmeters such as resistivity, 
dielectric constant and loss, index of refract ion,  dansity, 
atc., a l l  of which lney be used as  a masure of perfection 
i f  the  funct ional i ty  of the defect towards a par t i cu la r  
property is known. 
X-ray di f f rac t ion  topography techniques are among the  most 
versatile approache8 t o  the investigation of t o o l  damage i n  si l icon. 
Important methods are: 
1. Back re f lec t ion  - Berg-Barrett techniques 
2. Transmission - Berg-Barrett techniques 
3. Anomalous transmission - Bornnann techniques 
The salient fea tures  of these techniques a re  compared in  
Table I 3 . Basically, t h e  usef’ulness of t he  technique under con- 
s iderat ion is dependent on two factom: 
dis locat ion density of t h e  c rys ta l  under consideration, and (2) the  
product of the  thickness of the  c rys ta l  and i t s  absorption coefficient.  
l a t t i c e  d i s to r t ion  surrounding dis locat ions and compares favorably 
with theore t ica l  prediction, 
(1) t he  imparfegtion o r  
The method of Bonae 4 has been used t o  examine t h e  f ie ld  of 
According t o  the present survey, t h e  most p rac t i ca l  means of 
~ combination of tecw-gehqT _iac&&g,g ip3ns tUat ing  c r p t ?  
SI C r X I  *-rr*c*+r e.?”. -*. 
e t h e r  e t c h i n g o o  
-and the version of the, Lang X-FW method. w l o m d  bs 
&Le. 
by the  l a t t e r  method as compared with about 1 cm i n  24 hours by other 
current tupogrephic methods. The etching and/or decorating procedures 
are used t o  verify t h e  presence of dislocations revealed by x-ray 
di f f rac t ion  contrast, and t o  aid i n  t h e i r  interpretation. 
cont ras t  images are recorded a t  un i t  magnification, and resolution 
An entire wafer can be mapped i n  approximately five hours 
2 
Diffraction 
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within t h e  limits of photographic enlargement is not better than about 
5 microns. Transmission electron microscopy, on the  o ther  hand, gives 
about SO0 2 resolution but i s  impractical  f o r  l a rge  area scanning. 
The present program is organized on the basis  of four  types of 
They are normal scr ibing mechanical treatment f o r  separating dice. 
and breaking, scribing through a thin aluminum deposit and breaking, 
machining with a Norton Model 311 Mcer, and electric discharge 
machining. The Norton machine operates essent ia l ly  on a lapping 
pr inciple  described i n  d e t a i l  be low (Itam 14). The electric discharge 
machine u t i l i z e s  minute spark discharges for eroding a metal l ic  or 
senrimtal l ic  substrate.  The erosion contour conforms t o  t h e  too l  
shape applied a s  a counter electrode. 
width of the  too l ing  electrode plus  t h e  length of t h e  spark gap, 
*ark gaps of a few microns am achievable, and a de l ica te ly  balanced 
s e m  system prevents physical contact between electrode and sub- 
s t ra te .  The Swiss manufactured Agietron is available a t  Autonetics far 
this investigation. 
Kerf losses a r e  equal t o  t h e  
Samples of s i l i con  wafers have been forwarded t o  Norton Co. f o r  
machining on t h e i r  Model 311 dicer. 
prepared at Autonetics for examination of damage penetration. 
The other mecimens a re  being 
B. Gas Ambient Effects 
Controlled environment equipment has been set up f o r  the  analysis  
of polar gas e f f e c t s  on devices a t  low temperature, and for polar  and 
nonpolar gas effects a t  elevated temperatures. 
e s sen t i a l ly  of device chamber8 designed t o  withstand t h e  contemplated 
tmrperature ranges, without outgassing o r  leakage f s i lu re ,  connected 
t o  appropriate vacuum and gas input feeds. 
The equipment cons is t s  
Some ins ight  i n t o  the  contribution of adsorbed species to surface 
leakage currents  i s  avai lable  from t h e  experiments of Hackerman and 
Kawasaki 
water, methanol, acetone, and hexane produces charac te r i s t ic  surface 
currents (in t h e  sub-nanoampere range) within a minute after exposure. 
"he current var ied with the  character o f  the  vapor and the  degree of 
5 on porous glass  substrater. 1% was found t h a t  adsorption of 
7 
coverage, t h e  more polar  molecules (e.g., water) producing t h e  
greater  effect per mole adsorbed. 
t o  displace less polar  molecules, such a s  hexane. 
Polar molecules a lso were found 
Although these  s tudies  were aimed a t  t he  invest igat ion of 
phenomena associated with wetting, adhesion, f l u i d  flow, and some 
types of catalysis,  they  also have implications with respect t o  
space applications - I . .s- .uI I*-  of microelectronics -~...-.--I--C- where . " cold . environments a re  
readily capable of producing condensed phases on t h e  s i l i con  dioxide 
surfaces between adjacent metallizations. - r  - The r e s u l t s  indicate  t h a t  
atmospheres i n  integrated c i r c u i t  packages should be r e s t r i c t ed  t o  
nonpolar gases, especial ly  the less condensable ones such a s  hydrogen 
or helium. Alt8rnat iwly,  a final glass  encapsulation analoEous t o  
t h e  Motorola process should provide dielectric i so la t ion  of integrated 
c i r c u i t  conductors impervious t o  condensates. I n  t h i s  case, however, 
the poss ib i l i t y  of mechanical rupture a t  low temperature due t o  
thermal expansion mismatch between layers should be investigated, 
__&.___________ ---1-1 ." 
XI 1 _  IrvI.I-c,"...I RP.. 
High t-erature investigations a m  being focused mainly on the  
reversible e f f ec t s  of hydrogen on t r ans i s to r  beta's. 
t i o n  of such e f f e c t s  may furnish evidence f o r  8 better understanding 
of semiconductor surfaces and a bas i s  for t h e  prediction of changes i n  
the e l e c t r i c a l  parameters of devices with known package ambients 
under various package leak rates. 
Further d e f i m -  
Results have been obtained on five npn dual chip t rans is tors .  No 
signif icant  changes i n  beta were noted a f t e r  t he  packages of t h m e  of  
t h e  devices were punctured, allowing room a i r  t o  enter ,  
packages were left sealed i n  t h e i r  nonnel ambient. 
then subjected t o  a 90 H p  - 10 Nz (percent by volume) bake a t  29% f o r  
24 hours, 
t he  10 t r ans i s to r s  s h m d  increases i n  beta af'ter baking, 
The other  two 
All five un i t s  were 
The resu l t s ,  presented i n  Table 11, indicate  t h a t  9 out of 
Previous gas analyses of s imilar  un i t s  from t h e  same source 
indicated t h e  ambient t o  be mainly nitrogen. However, opportunity 
fo r  hydrogen leakage o r  diffusion i n t o  the sealed packages 
during t h e  29OC terminal bake. 
on u n i t s  7 and 8 t o  determine whether hydrogen is present i n  these  
packages. 
&&,her i so l a t e  the noted effects. 
Ambient analyses are being performed 
Other .devices w i l l  be opened and baked i n  nitrogen t o  
3 
I 
8 
T A B S  11, EFFECT OF HPDROGBJ ON TRANSISTOR BETA'S AT ELWA'I%D TEMPERATUKE 
Beta Meam- 
Ai ter After Bake in 
Transistor 
'NO. Side 
3 A 
B 
Ir A 
B 
5 A 
B 
7 A 
B 
8 A 
B 
Opening 10 N2 - 90 H a t  Percent Increase 
Initial Package 29OC for 24 80um in Beta 
500 520 520 
380 400 420 
240 220 280 
260 260 300 
260 260 320 
2 80 280 340 
9 
C. Instnmtbntation and Processing Survez 
A frequently important ruquirement i n  the  examination of inte- 
grated c i r c u i t s  a t  various processing stages is the  measurement of t he  
physical charaebel is t ics  of thin films and surfaces. Prof'ilometera 
and interferometers a r e  designed spec i f i ca l ly  for measuring topography 
of a surface, including step heights a t  film edges; and interferometers, 
e l l i p sme te r s ,  and be&ascopes a m  designed f o r  measuring f i l m  
thickness direct ly .  
Profilometers are based on a l i g h t l y  loaded small spherical probe 
which slides mer a surface; its movement n o m 1  t o  the surface is 
sensed and maybe recorded or displayed. 
step height t o  25 t o  100 R6, but if there  were no deformation of the  
surface by the  probe, i t s  SO,u-in t i p  would drop only 0.1 micron i n t o  
a scratch one ndcron wide and only 100 1 i n to  a scratch 1600 8 side, 
and not dist inguish a crack from a shallow scratch. 
Interferometers measure differences i n  opt ical  path length of 
t h e  two p a r t s  of a l i g h t  beas separated by a p a r t l y  r e f l ec t ing  mirrop. 
If only one p a r t  of t he  beam traverses t h e  sample film, the measured 
difference of op t ica l  path length between the two parts is  a measure 
of film thickness. 
1/10 t o  1/20 of  t h e  wave length of l i g h t  (i.e., about 200 8) with 
accuracy dependent p e r t l y  on a~nly ing  proper corrections necessary for  
index of refract ion and for phase s h i f t  on reflection. 
a wave  leng%h may be measured and t h e i r  r e f r ac t ive  indices  determined 
by a method such as t h a t  usedby Pleskin and Conrad which measures 
phase difference a s  a function of angle of incidence. 
heights on a r e f l ec t iva  surface, an accessorgpartly-reflectinl! p l a t e  
is placed over t he  sample; i n  this case, corrections f o r  index of 
re f rac t ion  and varied phase shift on re f lec t ion  from di f fe ren t  
materials are not involved. 
cent reflecting, l i g h t  i s  multiply re f lec ted  between the  sample and 
plate ,  t h e  d i f f r ac t ion  fringes a r e  sharpened, and measurements may be 
accurate t o  5 t o  10 8 . 
have a pmcision of 25 or 30 1 . 
i r r egu la r i ty  i n  a'sample surface a s  well as  steps at t h e  edges of 
masked deposited films, and thereby gives information about f l a tnes s  
It can measure smoothness o r  
Singly re f lec t ing  arrangements eve a precision of 
Fi l~ns  mom than 
7 
To measure s t ep  
If the  accessory plate is 90 t o  95 per- 
8 Inexpensive instruments are  avai lable  which 
9 The interferometer measures any small 
10 
and smoothness including scratch and hole depth for d e t a i l s  wider 
than the wave length of l ight .  
measured t o  a precis ion of 3 percent and dawn t o  a thickness of 2 1 
\ reflected from very t h i n  f i b  at various angles i s  dependent on, and 
a measure of, both the  thickness and re f rac t ive  index of t h e  film. 
Because the  measured numbers am not  l i n e a r  var iab les  of t h e  film 
thiclmess, corrections must be assessed and applied f o r t h e  thickness 
of my contminat ing film. 
Transparent f i l m s  thinner than a wave length may be prec ise ly  
/1 by ellipsometry. The change i n  polar izat ion of polarized l i g h t  -
For nondestructive assessment of opaque films with no surface 
evidence of  t h e i r  thickness, it 58 necessary t o  nse penetrating 
radiation. 
film and substrate.  The scat ter ing power of material  incresses  
strongly with atomic number, and i f  there  is (a) an appreciable 
difference i n  atomic number between t h e  f i lm and substrate, and (b) 
t he  compositions of both film and substrata  are  known, or standards 
a m  available, t he  sca t te red  in t ens i ty  can be re la ted  t o  a f i l m  
thickness giving a measure of thickness for  fi lms from a very few 
microinches t o  several m i l s  with a precis ion of 8 feu percent. 
l e a s  energetic beta emitters am used f o r  *in films or low atomic 
number l ayers  and more energetic beta rays f o r  th icker  films. The 
smallest area which avai lable  commercial instruments sample i8  about 
20 mils i n  diameter. 
The betascopel' measures sca t te r ing  of beta  radiat ion by 
The 
A new wafer -ed bv Norton Co . (Model 311 Dicer) 
may become competitive with conventional scribing and breaking. 
Cutting is achieved by the simultaneous lapping ac t ion  of a series of 
l inear ,  accurately parallel-ganged steel blades operating on the wafer 
i n  a reciprocating mode through an alumina slurry of 3 micron average 
p a r t i c l e  size. The pr inc ip le  i s  analogous t o  the  o ld  wire  saw; i n  
t h e  present adaptation, areas up t o  two inches wide may be covered by 
as many as 70 or 80 blades operating with a six inch stroke. Cutting 
r a t e  through s i l i con  is about 0.003 inch/minute a t  a reciprocating 
frequency of 80 t o  100 c F l e s  per minute. M i n i m u m  blade thicftness 
consistent with optimum blade l i f e  is 0,0015 inch. Kerf loss is 
ll. 
claimed t o  be O.OOO5 inch greater than the  blade thickness, or about 
0.002 inch for t h e  minimum prac t ica l  blade thickness. 
t o  adjacent surfaces by s lur ry  motion is claimed t o  be nonexistent, 
t h e  only erosion being t h a t  produced by t h e  ro l l i ng  g r i t s  directly 
between blade edges and substrate, 
External dannaga 
I t e m  2 
- 
A. Oxide Radiotracer Experinmnts 
Residual be ta  a c t i v i t i e s  o f  t h e  remaining 20 t r i t i a t e d  wafers vas 
determined using b p i  geometry according t o  the  technique previously 
described. These r e su l t s  are  sunmarlzed i n  Table Ill and compared 
with a c t i v i t y  data on e a r l i e r  samples f r o m  t h e  same oxidation run. 
TABLE 111. STABILITY OF TIIITTUM LABEWD PASSIVATION OxIm 
Elapsed Average Net Calculated 
 eta Counthafer  %&On- -@!?El samples C/?4 (x 10 rtons/cc) 
Iym4 Number of 
0 3 257 2 59 2.7 - + 0.6 
23 3 253 2 74 2.7 - + 0.8 
150 20 186.7 - + 58.8 1.96 - + 0.m 
3 +Corrected f o r  radioactive H decay 
Loss of a c t i v i t y  due t o  H exchange with t h e  environment cannot 3 
be inferred f r o m  t h e  l a s t  entry because of t h e  spread i n  r e su l t s  (about 
33 percent). Nevertheless, a wrapper (paper) from one of the  specimens 
was analyzed i n  t h e  b p i  counter, No evidence of H 
detected. 
consistency by invert ing t h e  first three wafers (of the  group of 20) 
on the aluninmd mylar sup~ort f i lm and recounting. 
beta a c t i v i t y  between opposite sides was found t o  be r e l a t ive ly  
ins igni f icant  compared t o  deviation between wafers, as shown i n  
Table IV, 
3 exchange was 
Tritium a c t i v i t y  dis t r ibut ion likewise was examined f o r  i n t e rna l  
Devlation of 
1 
12 
TABU IV. BETA ACTIVITY VERSUS COUNPING ORIENTATION 
sanple Side Activity M a t i o n ,  
Nunrber Supported (C/M) Average Percent -
1 A 08 94 6 
B 100 
2 A 279 284 1.4 
B 288 
3 A 
B 
120 118 3.3 
114 
It was concluded from these results t h a t  s ignif icant  avounts of 
hydrogen are  retained i n  t h e  oxide matrix i f  steam is present i n  the  
oxidation process gas, and t h a t  it does not exchange readi ly  a t  room 
temperature with covalently bonded ambient hydrogen. 
These resul ts ,  and results obtained from e a r l i e r  t r i t i u m  t r a c e r  
experinmnts, w e r e  presented May 3, 1966 at t he  *ring Meeting of the  
Electrochemical Society. These results (2 x lOI6 H atama/cm 3 
differed s igni f icant ly  from those reported by Burgess and Fowkes 11 
(Sprague E18CtflC) and Burlchardtl2 ( IM),  both of whom found levels 
around lo2' at0ms/cm3. Burkhsrdt, however, conducted h i s  oxidation 
i n  pure t r i t i a t e d  steam (no oxygen diluent,  no specif ic  a c t i v i t y  
given), 
which car r ied  the tr i t iated water from a reservoir. 
a c t i v i t y  he used was claimed t o  be 0.1 millicurie/gram H20, which is 
somawhat surprising i n  view of h i s  reported r e su l t s  and of t h e  f a c t  
that our experiments required grea te r  than 100 millicuries/gram 
SpeciFlc ac t iv i ty  t o  achieve s ignif lcant  count rates.  Counting 
techniques, which require some Finesse because of t he  low beta 
energies involved, were not fully explained, and no recourse t o  a 
reference standard was mentioned. I n  View of these considerations, 
it is suspected t h a t  Fowkssf resu l t s  may have erred on the  high side, 
and a value intermediate between Burkhardtfs and ours would seem t o  
be more r ea l i s t i c .  
Fowkes claimed h i s  r e s u l t s  on an a i r  oxidation (-20% 02) 
The spec i f ic  
13 
T r i t i u m  experbents performed on t h i s  program differed from t h e  
others i n  two important respects: (1) t h e  use of a diluent gas con- 
ta ining a t  l e a s t  40 pement 02, and (2) termination of the  oxidations 
with a tracer-fme bake a t  the of idat ion temperature. As explained 
previously, these  steps wre taken f o r  two reasons: (1) t o  approach 
standard processing techniques a s  c losely a s  possible, and (2) t o  
remove the pO8Sibility t h a t  van der Waals o r  physically adsorbed 
t r i t ia ted water would remain t o  contribute t o  the  observed residual 
ac t iv i t ies .  
of one gram of c a r e f i l l y  metered t r i t i a t ed  w a t e r  for t he  entire 
treatment, which is es t imatedto  have provided only about half  t h e  
water concentration present i n  the  experiment of Fowkes. 
experimental techniques, a l l  of which contributed t o  lower levels of 
bound hydrogen i n  t h e  oxide, were purposely adopted t o  elininate any 
poss ib i l i t y  of a spurious claim t o  t h e  chemical binding of hydrogen i n  
s i l i c o n  dioxide. 
A fur ther  var ia t ion i n  t h i s  technique was the  u t i l i z a t i o n  
These 
It was sugges ted in  discussion following the  Burgess and Fawkes 
presentation t h a t  electric f i e lds  developed i n  t h e  oxide may prevent 
escape o f t h e  relatively weak beta radiat ions of t r i t ium and thus 
contribute t o  law c a r r i e r  gas ionizat ion and l a w  counting rates.  
appears samawhat unlikely because t h e  beta energy of t r i t i u m  (0.018 Mev) 
is  weak only i n  comparison with other  beta  emitters and eas i ly  exceeds 
the  dielectric breakdown strength of an oxide layer  of 5000 El mean 
thickness. 
c i rcu la t ion  of the  methane ca r r i e r  gas, 
checked experimentally by stripping t h e  oxide from one side of a 
trltilrtsd wafer, evaporating a gold contact on it and recounting the 
mumining side with the  s i l icon electrically grounded t o t h e  counting 
chlllaber. 
This 
Furthemore, external ion ic  charge is  swept away by the 
However, t h i s  point will be 
These r e su l t s  will be reported as soon as they a re  available. 
Electromigration of t r i t i um i n  s i l i c o n  dioxide has not yet been 
carr ied out bcmse i n i t i a l  aluminizations of oxide surfaces w e r e  foud 
t o  ?m defective, Alternative electrode system8 will be employed in 
subsequent experiments. 
- -  
3. I so topica l ly  Labaled T m r s i o n  Study 
Recycling of some deuterated t r a n s i s t o r  specimens through 
inversion and recovery sequences resulted i n  a louering of t h e  
observed ac t iva t ion  energies of recovery t o  values more c lose ly  
approximating those derived for  t r a n s i s t o r s  unlabeled with deuterium. 
These results led t o  a compl&e re-evaluation of t h e  inversion 
recovery k ine t ics  for the entire group of e ight  t rans is tors .  
of the  evaluations required from four t o  e ight  inversions and 
recoveries. 
recoveries are presented i n  Table 8. 
ment indicate t h a t  the deuterated values m a y  be higher than the  
hydrated values, as  expected, but t h e  spread i n  resilts does not  
p e d t  de f in i t e  conclusions t o  be drawn. 
the  l a s t  listed result may, i n  fact ,  be a result of a t r a m  of sodium 
ion contamination r a the r  than deuterium. 
remaining four deuterated samples yield an average recovery act ivat ion 
energy of 0.67 + .06 ev. 
Each 
The thermal activation energies associated with the  
R e s u l t s  from t h e  f i r s t  treat- 
The act ivat ion energy of 
Omitting this value, the  
- 
TABU V. INVERSION REXOVERY FXlEX'ICS OF HYDRATED AND DEUTERATED TRANSISTORS 
Process Steam, 
I n i t i a l  Thermal Activation Energy of Recovery (e.v.) 
Oxidation First Treatment Second Treatment Third Treatment 
0.46 0,s 
0. 54 0.50 
0.56 - 0.74 - 
0,58 - + 0.08 0.64 - + 0.15 
0.56 0.72 
0.68 0.LO 
0.70 0.74 
0.74 0.45 
0.79 - + 0.19 
w2u 
D2° 
- 1.29 - 0,82 0.55 
0.60 - + 0.16 
Results from the  second treatment appear t o  be generally more 
uniform between t h e  t w o  groups but  are  more errat ic .  Assuming t h a t  
inversion i s  produced by an electrochemical t n n s p o r t  of Doai t iw 
ions, one must a l so  expect a contribution from electrode processes. 
Discharge of such ions  i n  the form of neutral  species a t  t h e  cathodic 
surface would tend t o  remove them from par t ic ipa t ion  i n  t h e  charge 
t ransport  process. If more than one type  of ion is present i n  t h e  
rigid Si02 electrolyte, their r a t i o s  should change i n  succeeding 
i m r s i o n  treatments, thus introducing var ia t ions i n  the  kinetics of 
inversion recovery. Moreover, t h e  deuterium, undoubtedly present a s  
a minor component s ince it was employed only i n  the  first oxidation, 
should discharge and escape by normal difArsim u l t i m a t e l y i n t o  t h e  
can atmosphere leaping residual nonnal hydrogen a s  the  major 
participant.  
previously proposed by Collinsu, by two types of diffusion: ion ic  
( f i e l d  dependent) t ransport  and atomic o r  molecular (nonfield 
dependent) t ransport  through the oxide layer. 
spread i n  r e s u l t s  and the apparent decrease in difference between t h e  
two isotopic  groups with succeeding inversions can be explained, 
Additional evidence of these e f fec ts  is indicated by t he  third 
inversion recovery treatment on the  l a s t  deuterated specimen given 
i n  Table V. 
The process therefore appears t o  be governed, a s  
Thus, t h e  increasing 
If the  above concept i s c o r r e c t ,  it should be possible t o  
increase the  recovery activation energy of an i nve r t ib l e  device by 
prolonged cycling i n  8 D20 atmosphere. 
planned. 
observed "hardening1* of similar t r ans i s to r s  t o  fu r the r  inversion 
af'ter many cycles of inversion and deinversion. 
is designed t o  m o v e  inversion effects i n  planar devices by repeated 
a l t e rna te  application and removal of reverse b ias  during a heat treat- 
ment (e.g., during burn-in). If the surface s t a t e  density can be 
permanently reducedthereby, the  treatment will be beneficial  f o r  
unipolar as w e l l  as bipolar  structures,  permitting lower and more 
s tab le  threshold voltages i n  MOS-FET(s. 
Ekperinents of t h i s  type a re  
Also envisioned is a processing step based on the  previously 
The proposed procedure 
C. EPR Absorption Spectrometry 
In  continuation of the  investigation of oxide structure,  e lectron 
paramagnetic resonance e x p r l m n t s  have been i n i t i a t e d  on thermally 
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1L gram s i l i con  dioxide samples. 
t h a t  oqygen vacancies a re  t h e  mobile species responsible f o r  t he  
charge rearrangement observedin s i l i con  dioxide a t  elevatedtempera- 
t u r e s  and under applied voltage. 
provide unpaired electrons from t h e  s i l i c o n  atoms, observed electron 
spin nips i n  t h e  s i l i con  dioxide would imply the presence of oxggen 
vacancies, On this assumption, t h e  observed absorption curves can 
then be associated with t h e  unpaired spin population. Prelimjnary 
EPR results have shown a s ignif icant  difference i n  the  absorption 
curves fo r  oxidized and unoxidized sil icon. 
It has been proposed previously 
Since oxygen vacancy sites would 
There a re  many ?actors which can a f f ec t  t he  EPR measurements 
made on the  s i l i c o n  dioxide samples. 
unoxidized s i l i con  for t h e  cases of both donors and acceptors lead  t o  
uncomplicated absorption cumes. 
oxygen i n t e r s t i t i a l s ,  thought’’ t o  be t h e  predominant diffusing 
agent during oxidation and leading t o  acceptor s ta tes ,  a s  well as 
t r i va l en t  s i l i con  and o m e n  vacancies which a re  considered t o  produce 
donor s ta tes .  These should contribute t o  the  character of t h e  
absorption curves, along w i t h  the  electron spin interact ions with 
neighboring nuclei and t h e  result ing loca l  magnetic f ie lds  t h a t  a l t e r  
the  svmmetry and lead t o  hyperfine sp l i t t ing .  
(92%) Si2’, but t h e  Si29 (4.7%) atoms, f o r  example, have a nuclear 
spin of 1/2 while Si28 has zero nuclear spin. Thus, even t h e  S i  29 
unpaired electron spins can interact  with t h e i r  nuclei  and a l t e r  
the  absorption curve. 
The impurity atoms i n  t h e  
After oxidation t h e  sample has 
Sil icon i s  mostly 
The s i l icon  dioxide, from which EP’R r e su l t s  w e r e  obtained, was 
thermally grown on a pulverized sample of silicon. The pander was 
etched i n  HF, rinsed with deionized wa te r ,  and dried i n  a nitrogen 
stream. 
?J minutes, wet oxygen was introduced i n t o  the  furnace f o r  a period 
of six hours. 
The s i l icon  powder i n i t i a l l y  weighed 1.442 grams and increased 
0.459 gram during the  oxidation process. 
A f t e r  exposure t o  chy oxygen and dry nitrogen at 11SOC f o r  
The estimated oxide t h i c h e s s  gruwn was 13,000 R. 
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The equipment used i n  these experiments was an X-band Varian 
Model ,!&00-10A EPR spectrometer with 100 Kh modulation. 
samples were put i n  a 3 m diameter quartz tube, and i n i t i a l  experi- 
ments w e r e  performed a t  room temperature. 
t h a t  will f i t  i n t o  t h e  microwave cavity is  one cm; however, it was 
found necessa ry to  use t he  thinner samples because of la rge  energy 
losesa when the  sample overextended into t h e  electric f i e l d  of t he  
The powdered 
The maximum sample width 
cavity, 
EPR measurements were made f o r  s i l i con  dioxide p;rown on both 
s ingle  c rys ta l  and pohdered sil icon. 
thermally grown oxides up t o  20,000 8 thickness, gave no measurable 
energy absorption. The powdered s i l i con  sample, with its much la rger  
r a t i o  of s i l i con  dioxide t o  s i l i con  over t h e  single crystal ,  gave t h e  
absorption curve derivative shown in F’igure 1. The unoxidized s i l i c o n  
produced a strong symmetric absorption curve of about 25 gauss width, 
while the oxidized sample showed an asymmetric complex curve indicat ive 
of multiple absorptions. 
unoxidized sample pern t t ted  a scan of 50 gauss i n  10 minutes, and 
showed t h e  absorption derivative curve was symmetric and without  
hyperfine sp l i t t ing .  
oxidized sample was a t  t h e  lower limits of detection of t h e  equipment 
(Figure 1). 
from preliminary experiments t o  prove f e a s i b i l i t y  of t h e  method, 
Ikrther experim%a%tm w f l l  be necessary tc bring out w f f i c i e n t  
d e t a i l  with oxidized s a m l e s  t o  r e l a t e  t h e  absorption curves t o  oxygen 
vacancies. 
the energy absorbed versus the applied magnetic field, while the  
second in t eg ra l  w i l l  be a measure of t he  number of spin f l i p s ,  which 
is of primary i n t e r e s t  here. 
The s ingle  c rys t a l  samples, with 
The l a rge  s ignal  t o  noise r a t i o  with t h e  
The detected resonance absorption with the first 
firtfier improvements are possible a s  these r e s u l t s  are 
The first in tegra l  of t he  curves in  Figure 1 wil l  provide 
Calculations of the spectroscopic s p l i t t i n g  fac tor  for  these 
first samples a re  not considered very accurate because the  equipment 
was not cal ibrated f o r  t h a t  purpose i n  the  i n i t i a l  searching f o r  
resonance absorption. 
s i l i con  (unoxidized) i n  powdered form is  2.001 + .001. 
One g vel-ue reported16 f o r  phosphorus doped (10l8 at0m/m3) 
The absorption - 
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i, 
peak was found t o  be independent of temperature i n  the  range of hoK 
t o  30O0K, while t h e  l ine width increased from 2 g at b°K t o  30 g a t  
300°K. Absorption l i n e  intensity was found t o  be proportional t o  
impurity concentration. 
D. Incidence of Dielectric Defects 
1. Surface Prep ara t ion  Studies 
The effect of s i l icon surface preparation on the dielectric 
Measure- qua l i ty  of thermally groun oxides is being detennined. 
ments have been made on oxide layers-1200 8 thick which have 
been obtained by a process s imilar  t o  t h a t  currently being used 
by commercial producers of MOS devices t o  form t h e i r  gate oxide. 
Only t h e  s i l i con  surface preparation varied between the  five 
separate groups of wafers  examined. The results are ahawn i n  
Table VI. 
TABLE VI. EFFEep OF SILICON SURFACE PRJPARATION ON OXIDE MELEEI'RIC QUALITY 
Wafer Group A B C D E 
Surface Chm. Polish Chm. Palish Chem, Polish Chem. Polish Chem, Polish 
Prepara t tm Pm-Oxi.dation Mech. Polish Mech. Polish Mech. Polish Mech. Polish 
Cleaning Chem. Pol ish HC1 Etch Clean HC1 Etch 
Clean Clean 
Defect2 213 287 228 340 266 
count/cm 
The d ie l ec t r i c  defects were detected by means of the pre- 
viously described electrophoretic decoration test. 
indicate  that a mechanical polishing step is  conducive t o  a 
-f d ie lec t r ic  anomalies i n  t h e  s i l i con  oxide grom 
on the substrate. 
t h e  f i n a l  poltshing step, has t h e  highest number of defects. 
can be seen from groups Band E t h a t  a chemical removal of Si 
The results 
Group D, which had t h e  mechanical polish as 
It 
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a f t e r  t h e  mechanical polish reduces the  defects t o  some extent. 
However, comparison of groups C and E ind ica tes  t h a t  a solvent 
cleaning process following the  HC1 e t c h  also increase8 t h e  numbem 
of defects. The best surface prep arat ion processes appe a r  t o  be 
r e s t r i c t ed  t o  a -I__ chemical lolish I or --I- a chemical-mechanica-ish, ---.."- -- -- - -- - "
h. Work is c ing t o  veri* - r- 
One wafer t ha t  had not been electrophoret ical ly  decorated 
was selected from each group above f o r  d i e l ec t r i c  voltage break- 
d m  measurements. 
aluminum (10,OOO R) was vacuum deposited on each of the five 
wafers and t h e  voltage required t o  break down t he  s i l i con  dioxide 
under each square measured. 
Table V I I ,  indicate  a good correlat ion between the  oxide i n t e g r i t y  
as  detennined by defect count and breakdown voltage. 
unmetallized s i l i con  dioxide was found t o  break down a t  90 volts 
on a l l  five wafers, indicating a uniform thickness among these 
wafers. 
A pat tern of thirty-five 0.075 inch squares of 
The resul ts ,  which a re  shown i n  
The 
TABLE VII. DIELECTRIC BREAKDOWN DISTRIBUTION OF WAFER GRUJPS 
G r o u p  A B C D E 
Number of 3 12 0 27 32 
shorts 
A v t F a g e  SV 3v 14V P m 
Breakdown 
Voltage 
Twenty additional wafers were prepared, four according t o  each 
A 12,000 2 oxide was thermally groun of t h e  five treatments a b m .  
on the wafers. 
depositions, diffusions, bakes, and oxide regrowth8 were made m r  
t he  whole wafer, i n  the absence of masks, i n  a sequence para l le l ing  
a standard MOS process. 
t h a t  f o r  the gate region. 
This oxide w(l8 then etched back, and the  various 
The resul t ing final oxide thus approximated 
n 
2. 
Since smaller aluminum dots  give a more accurate d is t r ibu t ion  
of breakdown voltages and capacitance minima, a pat tern of  30 m i l  
dots was vacuum deposited on these  wafers, and capacitance versus 
voltage end breakdown voltage measurements were made. Preliminary 
calculat ions gave threshold voltages from 2 to 3.9 volts.  The 
lamst threshold voltages we= observed on wafers from group A, 
which also d isp layedthe  lmst dielectric defect density 
(Table V I ) .  
n l t a g e  would increase s l i gh t ly  above 2 vo l t s  bu t  still remain 
below specification, so t h e  poss ib i l i t y  of using a st i l l  thicker 
gate  oxide is apparent. The b r e a k d m  voltages and t h e i r  
d i s t r ibu t ion  across the wafer  f o r  both t h e  metallized and 
u m t a l l i z e d  oAde are being fu r the r  analyzed. 
Oxidation Process Variables 
During the  MOS device operation, t h i s  threshold 
I n  continuing the  investigation of t he  process or igins  of 
dielectric defects i n  s i l i con  oxide layers, an examination is 
being made of t h e  effect of oxidation conditions and surface 
concentration of substrate dopants, upon the  oxide dielectric 
integri ty .  Oxides we= thennally grown i n  steam, w e t  02, and 
drg oxygen on n- and p-type ep i t ax ia l  and nonepitaxial s i l i c o n  
substrates,  As previously reported (Quarterly Report No. 3), 
as-grown oxide layers  show a strong dependence of defect density 
on oxide thickness. I n  addition, it apsears t h a t  t h e  defect 
density of oxides of a par t icu lar  thickness is  strongly influenced 
by the  amount, of moisture i n  t h e  oxidizing ambient. 
t i o n  i n  oxide qua l i t y  w i t h  t h e  oxidation conditions is  shown i n  
Table VIII. 
This varia- 
It is apparent fm t h e  data tha t  gxidat ipp i n  a 
t o  t h e  
There i s  the poss ib i l i ty  t h a t  p a r t  of t h e  observed var ia t ion 
i n  defect density w i t h  olddation conditions may be due t o  a 
difference i n  qrowth r a t e  since t h e  oxidation r a t e  increases with 
increasing moisture content of t he  ambient. 
oxides i n  w e t  N2 i n  order t o  determine t h e  re la t ive  importance of 
moisture content of ambient and growth rate on the oxide dielectric 
quality.  This experiment w l l l  provide oxide8 grown i n  an ambient 
with the same moisture level  as t h a t  f o r  t h e  w e t  oxygen grmth, 
It i s  planned t o  grow 
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but t h e  growth r a t e  will be l m r  because t h e  c a r r i e r  gas does n o t  
en te r  i n to  t h e  oxidation reaction. 
Another s ign i f icant  fac tor  observed from the  data i n  
t h e  defect density of oxides grown on d i f fe ren t  types of substrates  
Table VlII is t h a t  t he re  is r e l a t ive ly  l i t t l e  difference between 
with the exception of t h e  heavi ly  boron-doped substrate. 7 The 
defect density i s  considerably lower i n  t he  oxide g r w n  on t h i s  
heavily doped wafer than it is on l i g h t l y  doped wafers. 
This resu l t ,  along with t h e  beneficial  effect of moist 
anibient oxidation, l eads  t o  the  conclusion t h a t  t he  dielectric 
qua l i t y  of a grown oxide is improved when there  is  a departure 
from t h e  i n t r i n s i c  or defect-free (but not necessarily s t ra in-free)  
s i l i c a  s t ruc ture  by incorporation of trydroxyl groups o r  boron 
into t h e  s i l i c a  network. These s t ruc tu ra l  modifications may have 
the  e f fec t  of reducing mechanical stress i n  t h e  oxide due t o  
mismatch between t h e  thermal coef f ic ien ts  of expansion between 
t h e  oxide and t h e  substrate. It is known, far example, t h a t  a 
boros i l ica te  glass  has a thermal coeff ic ient  of expansion 4-5 
times greater  than that of pure s i l i c a ,  Therefom, a boron 
modified oxide should provide a closer match (a difference fac tor  
of about 2 instead of 10) t o  the  thermal expansion of t he  s i l i con  
substrate  than a pure oxide. 
should contribute t o  a less r i g i d  (or less strained)  s t ruc ture  
which may be more res i s tan t  t o  mechanical rupture, 
of t h e  residual stress i n  t h e  oxides are planned i n  an attempt t o  
determine i f  t he  postulated mechanism has va l id i ty ,  
I3ydroxyl groups i n  the  oxide a l so  
Measurems  
The above d iscuss im raises t h e  question: What is defect-free 
'I 
cass iva t ion  oxide? 
amorphoua t o  x-rays, only shor t  range order (e.g., a matrix of 
Since t h e  oxide s t ruc ture  is glassy and 
cyclic si-0-si 
be used i n  t h e  
Thus, elthough 
of the  absence 
(i.e., from an 
bridging) prevai ls  and t h e  tern, defect, cannot 
sense normally applied t o  c rys ta l l ine  periodicity. 
pure Si02  may be considered defect-free (because 
of foreign atoms or groups), i n  enother context 
applications point  of view) the  loca l ized  
mechanical stmsses, unfi l led atomic o r b i t a l s  and greater  porosi ty  
a r i s ing  from t h e  ster ic l imitat ions of Si-O-SI geometry (with its 
semi-rigid bonding angles) give rise t o  loca l i sed  functional 
defects. Such defects  not only appear t o  provide sites f o r  
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dielectric breakdown, but probably also ac t  as fast etching sites 
(Stress corrosion) and a8 g e t t e r s  f o r  contambants. 
stress defects and vacant Orbita18, as evidenced by t h e  available 
data, apparently a re  relieved, o r  saturated, by t h e  del iberate  
incorporation of other oxides (including hydrogen oxide) whom 
geometries and bond angles accommodate, to a l a rge  degree, t h e  
steric misfit inherent i n  the  metastable amorphous silica. In 
part icular ,  metal l ic  oxides thus  incorporated provide ions which 
a re  nondirectionally bonded and a re  therefore most e f f i c i e n t  in 
relieving bond stress i n  the Si02. 
(e.g., Na, H) a re  capable of migrating under t h e  influence of 
temperature and electric field.  Consequently, E cures f o r  
d i e l ec t r i c  problems introduce other problems of inversion and 
unstable MOSi' gate threshold voltages. 
electric fields associated with foreign ions a l t e r  the dielectric 
character of t h e  oxide. Nevsrtheless, t h e  defect structure of 
t h e  oxide is improved thereby in terns of bond stress relief, 
t h e  f i l l i n g  of vacant Orbitals, and densification. 
Such 
of course, monovalent ions 
In  a l l  cases t h e  local 
If the  above analysis is reasonably correct, defect improving 
and N. 
addi t ives  fo r  oxide should be selected on t h e  b88is of minimum 
ion ic  e f f ec t s  and would include such materials as  B203, P20s, F, 
u s e m  because this material is isomorphous with Si02 17 . Incorporation of boron phosnhate, BPOL, may be par t icu lar1  a 
3. Tap Water Steam Oxidation 
The effect of par t icu la te  contamination of atmospheric origin 
was invsst igated previously with inconclusivs resu l t s ,  &e o b s e m d  
dsfect density of the  control being almost as high a s  t h e  
*contaminatSd" samples. On the assumption t h a t  chance contamination 
may have affected previous resul ts ,  t h e  system was thoroughly 
cleansed, and an additional con t ro l  run was made. 
a del iberately dirty steam source ( tap  water) was used i n  t h e  
o e d a t i o n  of several  wafers t o  determine the  contribution of 
possible mechanical carry-over from t h i s  source t o  oldde imperfections. 
Following this, 
The experimental results were again inconclusive as the  
oxide imperfection density fo r  t h e  new control wafers was about 
2 4O/cm , whereas the  wafers made using t h e  tap water stem source 
had a defect density o f  20/cm . 
figure previously obtained fo r  the control and most of the  
contaminated samplea. 
2 2 This value, 20/m , is the  
- 
In  view of these results, it is concluded ten ta t ive ly  t h a t  
contaminaticms f r o m  normal f i l t e r e d  a i r  and from deionized w a t e r  
(conditions which nonnally prevai l  i n  standard pract ice)  do not 
make signif icant  corrtributfons t o  the incidence of d i e l ec t r i c  
defects. 
suggests t ha t  t he  origin of dielectric defects is d i s t i n c t l y  
other than chance contamination during oxidation, and no fur ther  
On the  contrary, experimntal  evidence c i t ed  e a r l i e r  
e f f o r t  i n  t h i s  area is presently cont.mplated. I*c 
PROPOSED PLAN FOR FOLLOWING QUARI%R 
Crystal damage introduced by various types of dicing operations will 
be investigated. 
Gas ambient i m s t i g a t i o n s  will include the  reversible high tempera- 
t u r e  e f f ec t s  of hydrogen on t rans is tor  betats as  w e l l  as low temperature 
effects of polar  gas adsorption on reverse current leakage. 
Ionic migration i n  t r i t i a t e d  wafers will be further investigated, 
and beta counting technique w i l l  be fur ther  examined. 
EPR spectrometry w i l l  be continued i n  an e f f o r t  t o  assess the unfi l led 
o r b i t a l  population i n  gram aides. 
The inveetieation of process parameters influencing the incidence of 
d ie l ec t r i c  defects w i l l  be continued. 
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